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We formulate a viable low-scale seesaw model, where the masses for the standard model (SM)
charged fermions lighter than the top quark emerge from a universal seesaw mechanism mediated
by charged vectorlike fermions. The small light active neutrino masses are produced from an inverse
seesaw mechanism mediated by right-handed Majorana neutrinos. Our model is based on the A4
family symmetry, supplemented by cyclic symmetries, whose spontaneous breaking produces the
observed pattern of SM fermion masses and mixings. The model can accommodate the muon and
electron anomalous magnetic dipole moments and predicts strongly suppressed µ→ eγ and τ → µγ
decay rates, but allows a τ → eγ decay within the reach of the forthcoming experiments.
I. INTRODUCTION
The standard model (SM) has offered us a theoretical framework with great experimental success. In spite of this, the
observed values in quark mixing angles together with the pattern in the charged fermion masses find no explanation.
Moreover, the observation of neutrino oscillations has augmented this puzzle as the theory must also be extended
to incorporate neutrino masses along with the observed leptonic mixing parameters. The pattern in all the fermion
masses may be described by three main aspects.
(i) Only one mass at the electroweak (EW) scale with all others well below it,
mt ∼ vEW√
2
 {mb,mτ ,mc,mµ,ms,md,mu,me} . (1)
(ii) Neutrino masses are much smaller than the electron mass,
mν .
(
me
mt
)
me . (2)
(iii) The charged fermion masses satisfy a hierarchical structure,
mf,3  mf,2  mf,1 , (f = u, d, e) . (3)
Several attempts have been made to theoretically describe each of these aspects either individually [1–5] or various
simultaneously; see for example [6–14]. In the following, to produce Eqs. (1) and (3) we opt to work within a low-scale
realization of a universal seesaw model for quarks whereas for the SM charged leptons the universal seesaw mechanism
is supplemented by a Froggatt-Nielsen mechanism [6]. In regards to the neutrino sector, to generate the small light
active neutrino masses that satisfy Eq. (2), we consider an inverse seesaw mechanism. As it is shown in Sec. II,
despite the presence of several heavy vectorlike charged exotic leptons that trigger the universal seesaw mechanism,
we assume that all of them have masses of the same order of magnitude, thus implying the need of implementing a
Froggatt-Nielsen mechanism to generate the SM charged lepton mass hierarchy. Such a Froggatt-Nielsen mechanism
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2is implemented by considering nonrenormalizable operators involving gauge singlet scalar fields charged under the
discrete symmetries of the model, whose spontaneous breaking is crucial to yield the SM charged lepton mass hierarchy.
Without those nonrenormalizable operators in the charged lepton sector, one can only explain the smallness of the
tau lepton mass (in comparison with the electroweak scale), but one has to rely on an unnatural tuning in the charged
lepton Yukawa couplings to address the hierarchy in the SM charged lepton masses.
In universal seesaw models [7, 15], the smallness of fermion masses except for the top quark, Eq. (1), can be easily
explained by promoting parity symmetry (L↔R) to a fundamental symmetry at high energies, larger than the Fermi
scale. These models are based on the SU(2)L×SU(2)R ×SU(3)c×U(1)B−L gauge symmetry, where B and L stand
for the baryon and lepton number, respectively. On the other hand, the matter content is enlarged by introducing
vector-like fermions (singlets under the left and right isospin symmetries) whereas the scalar sector gets minimally
enlarged by mirroring the SM Higgs boson, H ∼ ( 2, 1, 1,−1), to the right sector, HR ∼ (1, 2, 1,−1), transforming as
a right doublet. The conventional bidoublet in L-R symmetric theories is here missing. As a consequence neutrinos
have no masses and Yukawa interactions are now made with both scalars whereas the singlet fermions acquire their
own mass terms. Typically, after both scalars have acquired their vacuum expectation values (VEV), small fermion
masses arise as an admixture of both VEVs and the heavy mass of the singlet fermions, mf ∼ vEW(vR/Mx), where
vR  Mx, while the top-quark mass has no vectorlike fermion companion, and thus its mass is simply given by the
standard formula, mt ∼ vEW. For last, the hierarchy given in Eq. (3) may be understood by considering exotic fermion
masses with an inverse hierarchy, Mx1  Mx2  Mx3. In the following, we mimic the main shared features among
this class of models and discuss a low-scale scenario.
The smallness of neutrino masses may have a different origin than that of the charged fermions. Already their
superlightness seems to point to this possibility. Hence, here we consider that two different mechanisms are responsible
for the observed patterns in the fermion masses. We choose to study the mass nature of neutrinos via an inverse
seesaw [4, 16–18]. This mechanism leads to an effective mass parameter given by mν ∼ (mDME )2µ where mD is the
typical scale of a Dirac mass, ME the heavy scale of the isosinglet leptons that conserve lepton number, and µ the mass
scale of the gauge singlet neutrinos responsible for breaking lepton number. It follows that for small µ mν becomes
small, which is opposite to the standard seesaw, where the smallness of neutrino masses is due to the largeness of the
right-handed neutrino masses. The advantage of using an inverse seesaw is that lepton flavor violation (LFV) rates
do not depend on the small magnitude of the lepton number violating scale, µ, while they vanish in standard seesaw
scenarios.
In this work we propose a low-scale seesaw model with extended scalar and fermion sectors, consistent with the
current pattern of SM fermion masses and mixings. In our model, the masses of the SM charged fermions lighter than
the top quark are generated from a universal seesaw mechanism mediated by charged exotic vectorlike fermions. The
small light active neutrino masses arise from an inverse seesaw mechanism mediated by three sterile neutrinos. In our
model we use the A4 family symmetry, which is supplemented by other auxiliary symmetries, thus allowing one to have
a viable description of the current SM fermion mass spectrum and mixing parameters. We have chosen the A4 family
symmetry since it is the smallest order discrete group with one three-dimensional and three distinct one-dimensional
irreducible representations, where the three families of fermions can be accommodated rather naturally. This group
was used for the first time in Ref. [19] and subsequently used in [20–38] to provide a viable and predictive description
of the SM fermion mass spectrum and mixing parameters.
The outline for the rest of this paper is as follows. In Sec. II we introduce the model, followed by discussions
on the quark and lepton masses and mixing in Secs. III and IV, respectively. We devote Section V to study some
phenomenological aspects of our model. Finally, in Sec. VI we conclude.
II. THE MODEL
Our model is an explicit realization of a tripermuting (TP) scenario wherein the neutrino sector is transformed into
the mass basis via a mixing matrix of the form [39],
|UTPν | =
1
3
2 2 12 1 2
1 2 2
 . (4)
In this type of scenario, the charged lepton sector must be built in such a way that contributions arising from their
mixing matrix, Ue, may help us to reproduce the experimentally observed values as the full mixing matrix would then
3Q3L Q2L Q1L u3R u2R u1R d3R d2R d1R T1L T1R T2L T2R B1L B1R B2L B2R B3L B3R
GSM (3,2)1/6 (3,2)2/3 (3,2)−1/3 (3,1)2/3 (3,1)−1/3
A4 1 1
′′ 1′ 1 1′ 1′ 3 1′ 1′ 1′′ 1′′ 1′ 1′ 1′′ 1′′ 1 1
Z2 0 0 1 0 0 1 0 1 1 0 0 1 1 0 0 0 0
Z5 2 2 2 4 4 4 0 4 4 4 4 0 0 0 0 0 0
Z′2 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Z4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Z8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Table I: Fermion content in the quark sector and its charge assignment under the discrete flavor symmetry group.
`3L `2L `1L e3R e2R e1R N1R N2R N3R Ω1R Ω2R Ω3R E1L E1R E2L E2R E3L E3R
GSM (1,2)−1/2 (1,1)−1 (1,1)0 (1,1)0 (1,1)−1
A4 3 1
′′ 1′ 1 3 3 1 1 1′ 1′ 1′′ 1′′
Z2 0 0 0 0 1 0 0 0 0 0 0 0
Z5 −2 2 2 2 2 2 −1 1 −1 1 −1 1
Z′2 0 0 0 0 0 0 0 0 0 0 0 0
Z4 0 2 0 2 0 −1 2 2 0 0 2 2
Z8 −1 −1 −2 −3 −2 2 1 1 0 0 −1 −1
Table II: Fermion content in the lepton sector and its charge assignment under the discrete flavor symmetry group.
be given by Uth` = UeU
TP
ν
†. In our model, the resulting leptonic mixing matrix corresponds to the experimentally
observed deviation of the TP scenario.
In addition to the usual SM particle content, in order to implement the universal seesaw mechanism producing the
masses for the SM charged fermions lighter than the top quark, we consider vectorlike quarks and charged leptons,
Ti,L(R) ∼ (3, 1)2/3 , Bj,L(R) ∼ (3, 1)−1/3 , Ek,L(R) ∼ (1, 1)−1 , (5)
where i = 1, 2, j, k = 1, 2, 3 and their transformation assignments are given under the SM gauge group, GSM =
SU(3)c × SU(2)L × U(1)Y . Also, the scalar sector is appropriately enlarged, apart from the Higgs doublet, H, with
real scalar singlets (flavons),
quark sector: {χ1, χ2,Φ1k,Φ2k,Φ3k} (6)
lepton sector: {σ, η1η2, ρ1, ρ2, ξk, ζk, Sk} (7)
where k = 1, 2, 3 and we have classified the flavons into two different groups depending in which sector they are
relevant.
To control the arbitrariness in the Yukawa interactions we introduce A4 as our flavor symmetry. A4 has been
found to be phenomenologically interesting and successful in the neutrino sector [22, 40, 41]. Appendix A has a brief
description of the group and multiplication rules. It is worth mentioning that the A4 family symmetry is crucial to
get viable mass matrix textures for the SM fermion sector, due to the fact that we are grouping the three left-handed
leptons and the three right-handed SM down-type quarks into A4 triplets, whereas the left-handed SM quarks, the
right-handed SM up-type quarks and right-handed SM charged leptons are assigned in the different A4 singlets, as
shown in Tables I and II. However, we have found that A4 is insufficient to fully develop a predictive theory. For
this purpose, we employ the Abelian symmetry, Z2 ×Z5 with an additional Z ′2 and Z4 ×Z8, in the quark and lepton
sectors, respectively. Such extra discrete cyclic symmetries allow one to reduce the number of model parameters
and to treat the quark and lepton sectors independently, thus yielding a predictive framework consistent with the
current pattern of SM fermion masses and mixings. In addition, in order to get a predictive model, one also needs
to rely on specific VEV configurations for the A4 triplets SM gauge singlet scalar fields. Notice, that thanks to the
aforementioned cyclic symmetries, the gauge singlet scalar fields participating in the lepton Yukawa interactions are
different than the ones appearing in the quark Yukawa terms.
The field charge assignments under the group factors of the model are given in Tables I-III.
The full Yukawa terms can be written as LY = LuY + LdY + LeY + LνY where for the up-type quarks,
− LuY = ytQ3LH˜u3R + yu1Q1LH˜T1R + yu2Q2LH˜T2R + yu3T 1Lχ1u1R + yu4T 2Lχ2u2R +MT1T 1LT1R +MT2T 2LT2R + H.c. , (8)
4H χ1 χ2 Φ1 Φ2 Φ3 σ η1 η2 ρ1 ρ2 ξ ζ S
GSM (1,2)1/2 (1,1)0
A4 1 1 1
′ 3 3 3 1 1 1′′ 1 1 3 3 3
Z2 0 0 0 1 0 0 0 0 0 −1 0 0 −1 −1
Z5 2 0 0 0 0 0 0 0 0 −1 3 0 −2 −2
Z′2 0 1 0 0 0 0 0 0 0 0 0 0 0 0
Z4 0 0 0 0 0 0 0 −2 −1 −1 0 0 0 0
Z8 0 0 0 0 0 0 −1 0 0 0 0 0 −1 −1
Table III: Scalar content and its charge assignment under the discrete flavor symmetry group.
down-type quarks,
−LdY = yd1Q1LHB1R + yd2Q2LHB2R + yd3Q3LHB3R + yd4B1LΦ1DR + yd5B2LΦ2DR + yd6B2LΦ3DR
+ yd7B3LΦ2DR + y
d
8B3LΦ3DR +MB1B1LB1R +MB2B2LB2R +MB3B3LB3R + H.c. ,
(9)
charged leptons,
−LeY = y(l)1
(
lLHξ
)
1
E1R
σ2η1
Λ4
+ y
(l)
2
(
lLHξ
)
1′′ E2R
σ
Λ2
+ y
(l)
3
(
lLHξ
)
1′ E3R
η∗1
Λ2
+ y
(l)
4
(
lLHξ
)
1′ E1R
σ2 (η∗2)
2
Λ5
(10)
+y
(l)
5
(
lLHξ
)
1
E3R
η22
Λ3
+ x
(l)
1 E1Lρ
∗
2e1R
(σ∗)4
Λ4
+ x
(l)
2 E2Lρ
∗
2e2R
(σ∗)2
Λ2
+ x
(l)
3 E3Lρ
∗
2e3R +
3∑
i=1
y
(E)
i EiLρ2EiR + H.c. ,
and neutrinos,
−LνY = y(ν)1
(
lLH˜NR
)
3s
ζ∗
Λ
+ y
(ν)
2
(
lLH˜NR
)
3a
ζ∗
Λ
+ y
(ν)
3
(
lLH˜NR
)
3s
S∗
Λ
+ y
(ν)
4
(
lLH˜NR
)
3a
S∗
Λ
+ y(N)
(
NRΩ
C
R
)
1
ρ1 + y
(Ω)
(
ΩRΩ
C
R
)
3s
ρ∗2
(ρ∗1)
2
σ4η1
Λ7
+ H.c. ,
(11)
being the dimensionless couplings in Eqs. (8)-(11) O(1) parameters.
We denote by 〈χi〉 = vχi (i = 1, 2), and assume the following VEV patterns for the A4 triplet SM singlet scalars
Φ1,2,3, ξ, ζ and S,
〈Φ1〉 = v1√
2
(0, 1, 1) , 〈Φ2〉 = v2√
3
(1, 1, 1) , 〈Φ3〉 = v3(0, 0, 1) , (12)
〈ξ〉 = vξ√
3
(1, 1, 1) , 〈ζ〉 = vζ (0, 0, 1) , 〈S〉 = vS (1, 0, 0) , (13)
which are natural solutions of the scalar potential minimization equations for a large region of the parameter space as
shown in Refs. [23, 42–46]. As the hierarchy among charged fermion masses and quark mixing angles emerges from
the spontaneous breaking of the A4×Z2×Z5×Z ′2×Z4×Z8 discrete group, we set the VEVs of the SM singlet scalar
fields σ, ξi, ζi (i = 1, 2, 3) with respect to the Wolfenstein parameter λ = 0.225 and the model cutoff Λ, as follows
{vρ1 , vρ2} ∼ O(1) TeV {vζ , vS , vξ, vσ, vη1 , vη2} ∼ λΛ . (14)
As it is shown in Sec. IV, the aforementioned assumption allows one to explain the SM charged lepton mass hierarchy
since it allows one to relate the SM charged lepton masses with different powers of the Wolfenstein parameter λ = 0.225
times O(1) coefficients. It is worth mentioning that the model cutoff scale can be interpreted as the scale of the UV
completion of the model, e.g. the masses of Froggatt-Nielsen messenger fields.
III. QUARK MASSES AND MIXINGS
Because of the symmetry assignments, the top quark does not mix with the exotic vectorlike quarks and thus its mass
is simply given as in the SM via its Yukawa interaction with the Higgs doublet, mt ∼ ytvEW. On the other hand, the
5vectorlike quarks do mix with all the others SM quarks. Then, from Eqs. (8) and (9), the quark mass matrices take
the form
Mup5×5 =
(
03×3 MuL
Muχ MT
)
and Mdown6×6 =
(
03×3 MdL
MdΦ MB
)
, (15)
where
MuL =
vEW√
2
(
yu1 0
0 yu2
)
, Muχ =
(
yu3 vχ1 0
0 yu4 vχ2
)
, MT =
(
MT1 0
0 MT2
)
, (16)
MdL =
vEW√
2
yd1 0 00 yd2 0
0 0 yd3
 , MdΦ =

0 yd4
v1√
2
ωyd4
v1√
2
ωyd5
v2√
3
ωyd5
v2√
3
ω2(yd5
v2√
3
+ yd6v3)
yd7
v2√
3
yd7
v2√
3
yd7
v2√
3
+ yd8v3
 , MB =
MB1 0 00 MB2 0
0 0 MB3
 .
(17)
As the masses of the vectorlike quarks are much larger than the employed VEVs, MT ,MB  {vEW, vχ, vi}, the
implementation of the universal seesaw yields the following 3× 3 low-scale quark mass matrices,
Mu '
mu 0 00 mc 0
0 0 mt
 and Md '
 0 ad ωadωbd bd ω2(bd + cd)
dd dd dd + ed
 , (18)
where the up-type quark masses are given by,
mu =
vEW√
2
y˜u1 vχ1
MT1
, mc =
vEW√
2
y˜u2 vχ2
MT2
, mt =
vEW√
2
yt , (19)
and we have defined the parameters,
ad =
vEW√
2
y˜d1v1√
2MB1
, bd =
vEW√
2
y˜d2v2√
3MB2
, cd =
vEW√
2
y˜d3v3
MB2
, dd =
vEW√
2
y˜d4v2√
3MB3
, ed =
vEW√
2
y˜d5v3
MB3
,
with y˜fk denoting the product of two different Yukawa couplings that can be merged into a single one as both areO(1) parameters. From Eq. (19) and the known hierarchy in the up-quark masses we can estimate the ratio among
the heavy masses and VEVs to be
vχ1
MT1
∼ 10−5 and vχ2
MT2
∼ 10−2 , (20)
which if we assume a single heavy scale, MT ≡ {MT1,MT2}, then vχ2 ∼ λ3MT and vχ1 ∼ λ7MT . For example,
for the range MT ∼ [1, 10] TeV one gets vχ2 ∼ [10, 100] GeV and vχ1 ∼ [0.1, 1] MeV. States associated to these
scalars could also have masses in the same range but not necessarily. There are also possibilities of attaining
small enough VEVs while preserving large masses. For example, introduction of an additional singlet scalar could
induce, via a soft-breaking term, small VEVs while keeping the initial large masses of the scalar fields. This point,
however, is left aside as it would require a thorough study of the scalar potential which is beyond the scope of this work.
In total we have five complex parameters, that is, ten free parameters to fit seven observables. It can be shown
that after redefining the phases of the left- and right-handed quarks the number of free parameters reduces to seven.
A judicious choice of phases, for example,
Q1L → e i2 (2arg(ad)+arg(bd)−arg(cd))Q1L , Q2L → e i2 (arg(bd)+arg(cd))Q2L , Q3L → ei arg(dd)Q3L , (21)
may allow us to set the independent phases such that their effect is similar to having assumed in the initial matrix,
arg(ad) = −arg(bd) = arg(cd) and arg(dd) = 0 . (22)
6Observable mb [GeV] ms [GeV] md [GeV] |V12| |V23| |V13| Jq [×10−5]
Experimental Value 2.86± 0.02 0.055+0.004−0.002 0.0027+0.0003−0.0002 0.22452± 0.00044 0.04214± 0.00076 0.00365± 0.00012 3.18± 0.15
Fit 2.86 0.052 0.0028 0.22457 0.04232 0.00376 3.02
Table IV: The most recent values for the mixing parameters come from the PDG-2018 [47]. The masses are taken at the MZ
scale from [48]. Minimization of the χ2 function leads to the best-fit values appearing in Eq. (25) with a quality of fit given by
χ2d.o.f. = 3.15/7. The masses and mixing implied by the model fit perfectly at 1σ.
Hence, the set of independent parameters becomes
{|ad|, |bd|, |cd|, |dd|, |ed|, arg(ad), arg(ed)} . (23)
We then perform a numerical fit to the set of parameters. The experimental input parameters are the three down-
type quark masses, the magnitudes of the three independent mixing matrix elements, and the Jarlskog invariant.
The masses are taken at the MZ scale with a symmetrized 1σ error taken to be the larger one. The employed input
parameters are summarized in Table IV. To measure the quality of the fit we use the function,
χ2 =
(mthd −mexpd )2
σ2d
+
(mths −mexps )2
σ2s
+
(mthb −mexpb )2
σ2b
+
(|Vth12| − |Vckm12 |)2
σ212
+
(|Vth23| − |Vckm23 |)2
σ223
+
(|Vth13| − |Vckm13 |)2
σ213
+
(J thq − Jexpq )2
σ2J
.
(24)
Its minimization leads to the best-fit values,
|ad| = 0.0114225 GeV, |bd| = 0.0215709 GeV, |cd| = 0.130513 GeV, |dd| = 0.765595 GeV,
|ed| = 1.97927 GeV, arg(ad) = 5.39151 rad , arg(ed) = 0.605986 rad , (25)
implying the observed down-type quark masses and mixing shown in Table IV. Moreover, we find that the two smallest
mixing angles are correlated among them and also with the Jarlskog invariant; see Fig. 1. At last, notice that our
model prefers small values of the Jarlskog invariant compared to the latest fit from the PDG [47].
From the best-fit values, Eq. (25), we can estimate the required ratio among the heavy masses and VEVs in order
to reproduce the observed mild hierarchy among the fitted parameters,
v1
MB1
∼ 10−4 , v2
MB2
∼ 10−4 , v3
MB3
∼ 10−2 , v2
MB3
∼ 10−2 , v3
MB2
∼ 10−3.5 , (26)
in such a way that all Yukawa couplings may still remain as O(1) parameters. All these ratios can be rewritten in
terms of the heaviest mass,
MB ≡ {MB1,MB2} , MB3 ∼ λ3MB , {v1, v2, v3} ∼ λ6MB . (27)
These relations imply, for example, for the range MB ∼ [100, 1000] TeV, MB3 ∼ [1, 10] TeV and
{v1, v2, v3} ∼ [10, 100] GeV.
Models with vectorlike fermions are being tested at the LHC. The ATLAS collaboration has reported several
analyses, in particular [49–51]. At the moment, mass exclusion limits for exotic isosinglet quarks give MB > 1.22
TeV and MT > 1.31 TeV as found in Ref. [51]. These lower bounds were set by only assuming that the exotic quarks
can decay on SM particles. That is, the vectorlike quarks would first be produced at collider experiments via pair
production, a process dominated by the strong interactions, gg → B¯B (T¯ T ). Then, each exotic quark would decay to
T →Wb,Zt,Ht or B →Wt,Zb,Hb, where it has only been considered the third fermion family. Now, in our case, in
the interaction basis, our model has no initial mixing between the top-quark and the vector- and toplike fermions, but
only between the up and charm quarks with the exotic partners. On the other hand, in the down-quark sector, all the
standard quarks mix with the exotic partners. Therefore, in the mass basis, we may only expect from the previous
decay modes that only those from the exotic bottomlike quarks will survive. Observation of an excess of events in any
of the final states related to the vectorlike B quarks with respect to the SM background, e.g., when Z → `+`− the
final state has one dilepton and at least two b-jets, would be a signal supporting this model at the LHC. A detailed
study of the collider phenomenology of our model is beyond the scope of this paper and is left for future studies.
7(a)
(b) (c)
Figure 1: Correlation plots between the two smallest quark mixing angles (top panel) and between the Jarlskog invariant with
each of them (bottom panels). All the (red) points in the background are in agreement with the experimental values within
3σ deviations. The (blue) star points represent the best-fit point of our minimization, whereas the black points show the most
recent values as taken from the PDG-2018 with their 1σ deviations in (yellow) lines.
IV. LEPTON MASSES AND MIXINGS
Using Eq. (11) we get the following mass matrix for charged leptons:
M(E)6×6 =
(
03×3 M
(l)
1
M
(l)
2 ME
)
, (28)
where the different submatrices are given by
M
(l)
1 =
vEWvξ√
6Λ
 1 1 11 ω2 ω
1 ω ω2

 cosα 0 −e−iγ sinα0 1 0
eiγ sinα 0 cosα

 y
(l)
1 λ
2 0 0
0 y
(l)
2 λ 0
0 0 y
(l)
3 λ
 ,
M
(l)
2 =
 x
(l)
1 λ
4 0 0
0 x
(l)
2 λ
2 0
0 0 x
(l)
3
 vρ2 , ME =
 y
(E)
1 0 0
0 y
(E)
2 0
0 0 y
(E)
3
 vρ2 . (29)
Here we have adopted a simplifying benchmark scenario with the following particular assumptions about the charged
lepton sector model parameters and VEVs of some of the gauge singlet scalars
y
(l)
4 = e
iγy
(l)
1 , y
(l)
5 = −e−iγy(l)3 , vη1 = λ cosαΛ, vη2 =
√
λ sinαΛ, vσ = λΛ. (30)
8In what follows we limit ourselves to this scenario considering the relations (30) as additional constraints on our
model parameter space. On the other hand it is possible that the relations (30) arise in our model framework as a
consequence of some unrecognized symmetry or can be attributed to a particular ultraviolet completion of the model.
Notice that due to the fact that the Yukawa couplings are order 1 numbers, the first two assumptions regarding the
magnitude may naturally follow without losing too much generality. Thus, the universal seesaw mechanism gives rise
to the following SM charged lepton mass matrix:
Ml = M
(l)
1 M
−1
E M
(l)
2 = RlLdiag (me,mµ,mτ ) ,
RlL =
1√
3
 1 1 11 ω2 ω
1 ω ω2

 cosα 0 −e−iγ sinα0 1 0
eiγ sinα 0 cosα
 , ω = e 2pii3 , (31)
where the charged lepton masses are
me =
x
(l)
1 y
(l)
1 λ
6vEWvξ√
6y
(E)
1 Λ
= a
(l)
1 λ
9 vEW√
2
, mµ =
x
(l)
2 y
(l)
2 λ
3vEWvξ√
6y
(E)
1 Λ
= a
(l)
2 λ
5 vEW√
2
, mτ =
x
(l)
3 y
(l)
3 vEWvξ√
6y
(E)
1 Λ
= a
(l)
3 λ
3 vEW√
2
.
(32)
Here we have considered x
(l)
i ∼ y(l)i . O(1) (i = 1, 2, 3) and y(E)i . O(
√
4pi). Let us note that the charged lepton
masses are linked with the scale of electroweak symmetry breaking through their power dependence on the Wolfenstein
parameter λ = 0.225, with O(1) coefficients.
The neutrino Yukawa terms of Eq. (11) give origin to the following neutrino mass terms:
− L(ν)mass =
1
2
(
νCL NR ΩR
)
Mν
 νLNCR
ΩCR
+H.c, (33)
where the neutrino mass matrix reads
Mν =
 03×3 M1 03×3MT1 03×3 M2
03×3 MT2 µ
 (34)
and the submatrices read
M1 =
vζvEW√
2Λ

0 y
(ν)
1 + y
(ν)
2 0
y
(ν)
1 − y(ν)2 0 r
(
y
(ν)
1 + y
(ν)
2
)
0 r
(
y
(ν)
1 − y(ν)2
)
0
 (35)
= f
 0 x 0y 0 rx
0 ry 0
 , f = vζvEW√
2Λ
, r =
vS
vζ
, x = y
(ν)
1 + y
(ν)
2 , y = y
(ν)
1 − y(ν)2 , (36)
M2 = mN
 1 0 00 1 0
0 0 1
 , µ = y(Ω)vρ2v2ρ1v4σvη1
Λ7
 0 1 −11 0 1
−1 1 0
 , mN = y(N)vρ1 . (37)
The light active masses arise from an inverse seesaw mechanism and the resulting physical neutrino mass matrices
take the form
M˜ν = M1
(
MT2
)−1
µM−12 M
T
1 , M
(1)
ν = −
1
2
(
M2 +M
T
2
)
+
1
2
µ, M(2)ν =
1
2
(
M2 +M
T
2
)
+
1
2
µ, (38)
where M˜ν corresponds to the active neutrino mass matrix whereas M
(1)
ν and M
(2)
ν are the sterile mass matrices.
9Observable Range ∆m221 [10
−5eV2] ∆m231 [10
−3eV2] θ(l)12 (
◦) θ(l)13 (
◦) θ(l)23 (
◦) δ(l)CP (
◦)
Experimental 1σ 7.39+0.21−0.20 2.525
+0.033
−0.032 33.82
+0.78
−0.76 8.61
+0.13
−0.13 49.6
+1.0
−1.2 215
+40
−29
Value from Ref. [53] 3σ 6.79− 8.01 2.427− 2.625 31.61− 36.27 8.22− 8.99 40.3− 52.4 125− 392
Experimental 1σ 7.55+0.20−0.16 2.50± 0.03 34.5+1.2−1.0 8.45+0.16−0.14 47.7+1.2−1.7 218+38−27
Value from Ref. [54] 3σ 7.05− 8.14 2.41− 2.60 31.5− 38.0 8.0− 8.9 41.8− 50.7 157− 349
Fit 1σ 7.55 2.50 34.45 8.45 43.1 218.2
Table V: Model predictions for the scenario of normal neutrino mass hierarchy. The experimental values are taken from Refs.
[53, 55].
Thus, the light active neutrino mass matrix is given by
M˜ν =
y(Ω)vρ2v
2
ρ1
v4σvη1f
2
m2NΛ
7
 0 x (y + rx) 0x (y + rx) −2rxy ry (y + rx)
0 ry (y + rx) 0
 (39)
= mν
 0 x (y + rx) 0x (y + rx) −2rxy ry (y + rx)
0 ry (y + rx) 0
 , mν = y(Ω)vρ2v2ρ1v4σvη1f2
m2NΛ
7
. (40)
The full neutrino mass matrix given by Eq. (34) can be diagonalized by the following rotation matrix [52]:
R =

Rν R1R
(1)
M R2R
(2)
M
− (R†1+R†2)√
2
Rν
(1−S)√
2
R
(1)
M
(1+S)√
2
R
(2)
M
− (R†1−R†2)√
2
Rν
(−1−S)√
2
R
(1)
M
(1−S)√
2
R
(2)
M
 , (41)
where
S = −1
4
M−12 µ, R1 ' R2 '
1√
2
M∗1M
−1
2 . (42)
Notice that the physical neutrino spectrum is composed of three light active neutrinos and six exotic neutrinos.
The exotic neutrinos are pseudo-Dirac, with masses ∼ ± 12
(
M2 +M
T
2
)
and a small splitting µ. Furthermore, Rν ,
R
(1)
M , and R
(2)
M are the rotation matrices that diagonalize M˜ν , M
(1)
ν , and M
(2)
ν , respectively.
On the other hand, using Eq. (41) we find that the neutrino fields νL = (ν1L, ν2L, ν3L)
T
, νCR =
(
νC1R, ν
C
2R
)
, and
NCR =
(
NC1R, N
C
2R
)
are related with the physical neutrino fields by the following relations: νLνCR
NCR
 = RΩL '

Rν R1R
(1)
M R2R
(2)
M
− (R†1+R†2)√
2
Rν
(1−S)√
2
R
(1)
M
(1+S)√
2
R
(2)
M
− (R†1−R†2)√
2
Rν
(−1−S)√
2
R
(1)
M
(1−S)√
2
R
(2)
M

 Ψ
(1)
L
Ψ
(2)
L
Ψ
(3)
L
 , ΨL =
 Ψ
(1)
L
Ψ
(2)
L
Ψ
(3)
L
 , (43)
where Ψ
(1)
jL , Ψ
(2)
jL and Ψ
(3)
jL (j = 1, 2, 3) are the three active neutrinos and six exotic neutrinos, respectively.
By varying the lepton sector model parameters, we find values for the neutrino mass squared splittings, i.e, ∆m221
and ∆m231, leptonic mixing angles θ
(l)
12 , θ
(l)
23 , and θ
(l)
13 , and the Dirac leptonic CP violating phase consistent with the
neutrino oscillation experimental data, as indicated in Table V.
Fig. 2 shows the correlation between the solar mixing parameter sin2 θ12 and the leptonic CP violating phase.
To obtain this figure the lepton sector model parameters were randomly generated in a range of values where the
neutrino mass squared splittings and leptonic mixing parameters are inside the 3σ experimentally allowed range. As
seen from Fig. 2, our model predicts a solar mixing parameter sin2 θ12 and leptonic Dirac CP violating phase in the
ranges 0.27 . sin2 θ12 . 0.38 and 140◦ . δ . 260◦, respectively.
Another relevant observable that can be determined in this model is the effective Majorana neutrino mass param-
eter of neutrinoless double beta decay, which provides information on the Majorana nature of neutrinos. The effective
10
Figure 2: Correlation between the solar mixing parameter sin2 θ12 and the leptonic CP violating phase.
Figure 3: Correlation of the effective Majorana neutrino mass parameter mee with the leptonic Dirac CP violating phase δCP .
Majorana neutrino mass parameter takes the form
mee =
∣∣∣∣∣∣
∑
j
U2ekmνk
∣∣∣∣∣∣ , (44)
where Uej and mνk are the the Pontecorvo-Maki-Nakagawa-Sakata leptonic mixing matrix elements and the neutrino
Majorana masses, respectively. The neutrinoless double beta (0νββ) decay amplitude is proportional to mee. In Fig. 3
we display the correlation between the effective Majorana neutrino mass parameter mee and the leptonic Dirac CP
violating phase δCP . As indicated by Fig. 3, our model predicts an effective Majorana neutrino mass parameter in the
range 0.020 eV. mee . 0.040 eV, thus implying that the values for the effective Majorana neutrino mass parameter
predicted by our model are within the reach of the next-generation bolometric CUORE experiment [56], as well as the
next-to-next-generation ton-scale 0νββ-decay experiments [57–60]. The current most stringent experimental upper
bound on the effective Majorana neutrino mass parameter, i.e., mee ≤ 160 meV, arises from the KamLAND-Zen
limit on the 136Xe 0νββ decay half-life T 0νββ1/2 (
136Xe) ≥ 1.07× 1026 yr [57], which corresponds to the upper bound of
|mββ | ≤ (61− 165) meV at 90% C.L. For information about those other experiments see Refs. [58, 61–63].
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V. PHENOMENOLOGY
As previously stated, the physical sterile neutrino spectrum contains six almost degenerate TeV scale neutrinos, which
mix the active ones, with mixing angles of the order of
(M1)ij√
2y(N)vρ1
(i, j = 1, 2, 3). In return, these new couplings induce
one-loop level phenomena through which we may impose constraints to our model.
In this section we discuss the implications of our model in the lepton flavor violating decays and in the anomalous
magnetic dipole moments of the muon and electron.
A. Charged LFV decays
The heavy sterile neutrinos together with the W gauge bosons induce the one-loop level decay li → ljγ, whose
corresponding branching ratio reads [16, 64, 65]
Br (li → ljγ) = α
3
W s
2
Wm
5
li
256pi2M4WΓi
|Gij |2 , (45)
where sW = sin(θW ),
Gij =
∑
k (R∗)ik (R)jkGγ
(
m2Nk
M2W
)
' 2 (R1RT1 )ij Gγ ( m2NM2W ) = (M∗1M†1)ijm2N Gγ ( m2NM2W ) ,
Gγ(z) = − 2z3+5z2−z4(1−z)2 − 3z
3
2(1−z)4 ln z, mN = y
(N)vρ1 , (46)
and
M∗1M
†
1 = f
2
 0 x 0y 0 rx
0 ry 0

 0 y 0x 0 ry
0 rx 0
 = f2
 x2 0 rxy0 r2x2 + y2 0
rxy 0 r2y2
 . (47)
Thus, the charged lepton flavor violating processes µ→ eγ, τ → µγ, and τ → eγ have the following branching ratios:
Br (µ→ eγ) ' 0, Br (τ → µγ) ' 0,
Br (τ → eγ) = α
3
W s
2
Wm
5
τr
2x2y2f4
256pi2M4WΓτm
4
N
∣∣∣∣Gγ (m2NM2W
)∣∣∣∣2 , (48)
where Γτ = 2.27 × 10−12 GeV is the tau decay width. On the other hand, the upper experimental bound of the
charged lepton flavor violating process τ → eγ is given by
Br (τ → eγ)expmax = 3.3× 10−8. (49)
In Fig. 4 we display the maximal and minimal branching ratios for the τ → eγ decay as functions of the sterile
neutrino mass mN for different values of f . The sterile neutrino masses have been taken to range from 500 GeV up
to 1 TeV. The brown horizontal line corresponds to the upper bound 3.3× 10−8 for the τ → eγ branching ratio. As
seen from Fig. 4, the obtained values for the branching ratio of τ → eγ decay are below its experimental upper limit,
for f . 28 GeV. Consequently, our model is compatible with the charged lepton flavor violating decay constraints
provided that f . 28 GeV.
B. Contributions to (g − 2)µ
The current discrepancy between the experimental and predicted value is still inconclusive and amounts to 3.5 standard
deviations [47],
∆aµ ≡ aexpµ − aSMµ = 268(63)(43)× 10−11 , (50)
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Figure 4: Maximal and minimal branching ratios for the τ → eγ decay as a function of the sterile neutrino mass mN for
different values of f . The brown horizontal line corresponds to the upper bound 3.3× 10−8 for the τ → eγ branching ratio.
where the errors at 1σ are from experiment and theory, respectively. In the following, we consider the average value
between the theoretical and experimental error.
Contributions to ∆aµ arising from scenarios like this one where the active neutrinos mix with heavy-right handed
neutrinos have been already computed. The relevant expression is given by [65, 66],
∆aµ =
−1
8pi2
κ2µ
∫ 1
0
dz
∑
f
|Rvfµ|2P+3 (z) + |Rafµ|2P−3 (z)
2fκ
2
µ(1− z)(1− −2f z) + z
, (51)
with
P±3 (z) = −2z2(1 + z ∓ 2f ) + κ2µz(1− z)(1∓ f )2(z ± f ) , (52)
and f =
mNf
mµ
and κµ =
mµ
MW
. In our particular case, the vector and axial-vector couplings to the W bosons are
identical and thus the expression is reduced to
∆aµ =
−1
4pi2
κ2µ
∑
f
|Rvfµ|2
∫ 1
0
dz
−z2(1 + z) + κ2µz(1− z)[z + 2f (z − 2)]
2fκ
2
µ(1− z)(1− −2f z) + z
. (53)
Notice that only two couplings contribute, Rv1µ and Rv3µ. Both of them can be approximated to Rv1(3)µ ' f√2mN
times order 1 parameters, {x, y, r} ∼ O(1). Fig. 5 exemplifies the available parameter space in the mN − f plane
which accommodates ∆aµ at 3σ. The gray background was obtained through variations of the set of parameters in
the ranges 0.3 . {x, y} . 1 and −4.5 . r . 2.9 whereas the colored bands via a particular scenario where all order
1 parameters were fixed to {x, y} = 0.8 and r = −2.5. Notice that the aforementioned range of parameters has been
considered in order to show that our model can successfully accommodate the muon anomalous magnetic moment
with order 1 dimensionless parameters and that such an observable can be used to set constraints on the dimensionful
parameters f and mN .
C. Contributions to (g − 2)e
Recently, a new discrepancy between the experimental and predicted value in the magnetic moment of the electron
was found [67],
∆ae ≡ aexpe − aSMe = −88(36)× 10−12 , (54)
which amounts to 2.5σ standard deviations from the SM value.
Contributions to ∆ae may be similarly computed as in the previous case. It is only necessary to replace the muon
mass for the electron one in Eq. (53). In this case, variations of the set of parameters in the ranges 10 GeV . f .
13
Figure 5: Available parameter space in the mN − f plane accommodating ∆aµ at 3σ. The gray background considers
variations of the set of parameters in the range 0.3 . {x, y} . 1 and −4.5 . r . 2.9 while the colored bands depict a
particular benchmark scenario with {x, y} = 0.8 and r = −2.5 where one may more easily appreciate the dependence of f and
mN in ∆aµ.
28 GeV, 0.5 TeV ≤ mN ≤ 1.0 TeV, 0.3 . {x, y} . 1 and −4.5 . r . 2.9 lead to a full available parameter space in
the mN − f plane accommodating ∆ae at 3σ. However, our model is only consistent with positive values for ∆ae
and predicts it to be of the order of 10−16,··· ,−13. Note that both anomalies can be simultaneously reproduced in the
same range of parameters with order 1 dimensionless couplings for 14 GeV . f . 28 GeV and sterile neutrino masses
in the range 0.5 TeV ≤ mN ≤ 1.0 TeV.
VI. CONCLUSIONS
We have proposed a viable low-scale seesaw model based on the A4 family symmetry and other auxiliary cyclic
symmetries, where the SM particle spectrum is enlarged by the inclusion of several charged vectorlike fermions, right-
handed Majorana neutrinos and scalar singlets, consistent with the low energy SM fermion flavor data. The masses for
the SM charged fermions lighter than the top quark emerge from a universal seesaw mechanism mediated by charged
vectorlike fermions, whereas the small light active neutrino masses are generated from an Inverse Seesaw mechanism.
The smallness of the µ parameter of the inverse seesaw, generated after the spontaneous breaking of the discrete
symmetries of the model, is attributed to a right-handed neutrino nonrenormalizable Yukawa term. The spontaneous
breaking of these discrete symmetries takes place at large energies and gives rise to the observed SM fermion mass
spectrum indicated by Eqs. (1)-(3) and fermionic mixing parameters. Because of the discrete symmmetries of the
model, the resulting leptonic mixing matrix corresponds to the experimentally observed deviation of the tripermuting
scenario and the SM charged lepton masses are linked with the scale of electroweak symmetry breaking through their
power dependence on the Wolfenstein parameter λ = 0.225, with O(1) coefficients. Furthermore, our model provides
defined correlations between the two smallest quark mixing angles and between the Jarlskog invariant with each of
them, which is highly consistent with their allowed 1σ experimental values, except for the correlation between the
smallest quark mixing angle and the Jarlskog invariant, where few points are within their 1σ experimentally allowed
range. However, despite this small issue, most of the points in such correlations are inside their 2σ experimentally
allowed range. In addition, from those correlations, we have found that our model prefers small values of the Jarlskog
invariant compared to the latest fit from the PDG [47], thus making a more precise measurement of such an invariant
crucial to assess its viability. We have studied the implications of our model in the lepton flavor violating decays
and in the anomalous magnetic dipole moments of the muon and electron. We have found that the µ → eγ and
τ → µγ are strongly suppressed in our model, whereas the τ → eγ decay can attain values of the order of 10−8,
which is within the reach of the current sensitivity of the forthcoming charged lepton flavor violation experiments.
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Furthermore, the obtained values for the branching ratio for the τ → eγ are lower than its current experimental bound
for a Dirac neutrino mass parameter f lower than about 28 GeV. Finally, we have found that our model successfully
accommodates the experimental values of the anomalous magnetic dipole moments of the muon and electron for
14 GeV . f . 28 GeV and sterile neutrinos lighter than about 1 TeV. In regards to the electron magnetic dipole
moment, we have found that our model is only consistent with positive values for ∆ae and predicts it to be of the
order of 10−16,··· ,−13. This implies that a more precise measurement of the electron magnetic dipole moment is crucial
to confirm or rule out the model under consideration.
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Appendix A: THE PRODUCT RULES FOR A4
Alternating symmetry groups, An, describe the even permutations of a given number, n, of indistinguishable objects.
The smallest one is A4. It has one triplet 3 and three distinct one-dimensional 1, 1
′, and 1′′ irreducible representations,
satisfying the following product rules,
3⊗ 3 = 3s ⊕ 3a ⊕ 1⊕ 1′ ⊕ 1′′, (A1)
1⊗ 1 = 1, 1′ ⊗ 1′′ = 1, 1′ ⊗ 1′ = 1′′, 1′′ ⊗ 1′′ = 1′.
Considering (a1, a2, a3) and (b1, b2, b3) as basis vectors for two A4-triplets 3, the following relations are fulfilled,
(3⊗ 3)1 = a1b1 + a2b2 + a3b3, (A2)
(3⊗ 3)3s = (a2b3 + a3b2, a3b1 + a1b3, a1b2 + a2b1) , (3⊗ 3)1′ = a1b1 + ωa2b2 + ω2a3b3,
(3⊗ 3)3a = (a2b3 − a3b2, a3b1 − a1b3, a1b2 − a2b1) , (3⊗ 3)1′′ = a1b1 + ω2a2b2 + ωa3b3,
where ω = ei
2pi
3 . The representation 1 is trivial, while the nontrivial 1′ and 1′′ are complex conjugate to each other.
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